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(57) ABSTRACT

A resistor element of a spark plug containing ZrO,, wherein
a target region 1s defined by a rectangular region where the
s1ze 1n the direction perpendicular to an axial line 1s 1800 um
and the size 1n the direction of the axial line 1s 2400 um. In
the case where the target region 1s divided into a plurality of
square regions having lengths of 200 um on a side, a
transverse line-shaped region 1s defined by a region 1n a line
shape that 1s constituted of mine square regions arranged 1n
the direction perpendicular to the axial line. A first type
region 1s defined by the square region where a proportion of
an area ot ZrO, 1s 25% or more, and a second type region 1s

defined by the square region where a proportion of an area
of ZrO, 1s less than 25%.

9 Claims, 2 Drawing Sheets
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1
SPARK PLUG

RELATED APPLICATIONS

This application 1s a National Stage of International
Application No. PCT/JP2014/002900 filed Jun. 2, 2014,

which claims the benefit of Japanese Patent Application No.
2014-022891, filed Feb. 7, 2014.

FIELD OF THE INVENTION

The present ivention relates to a spark plug.

BACKGROUND OF THE INVENTION

Conventionally, a spark plug 1s used 1n an internal com-
bustion engine. To reduce the radio wave noise generated by
ignition, there 1s proposed a techmique that arranges a
resistor element between a center electrode and a terminal
metal fitting.

Nowadays, further improvements in electrical noise per-
formance and 1n durability are required due to a high-power
engine or similar reason.

The main advantage of the present invention is to improve

the suppression performance of the radio wave noise and the
service life of the resistor element.

SUMMARY OF THE INVENTION

The present invention has been conceived to solve at least
a part of the above-mentioned problems, and can be realized
as the following application examples.

Application Example 1

In accordance with a first aspect of the present invention,
there 1s provided a spark plug that includes an insulator, a
center electrode, a terminal metal fitting, and a connecting
portion. The insulator has a through hole extending in a
direction of an axial line. The center electrode 1s at least
partially inserted into a front end side of the through hole.
The terminal metal fitting 1s at least partially 1nserted into a
rear end side of the through hole. The connecting portion
clectrically connects the center electrode and the terminal
metal fitting together within the through hole. The connect-
ing portion includes a resistor element. The resistor element
includes an aggregate, a filler contaiming ZrQO., and carbons.
In a cross section including the axial line of the resistor
clement, a center line 1s defined by the axial line. A target
region 1s defined by a rectangular region where a size 1 a
direction perpendicular to the axial line 1s 1800 um and a
s1ze 1n a direction of the axial line 1s 2400 um. A transverse
line-shaped region 1s defined by a region 1n a line shape that
1s constituted of nine square regions arranged 1n the direc-
tion perpendicular to the axial line 1n the case where the
target region 1s divided into a plurality of square regions
having lengths of 200 um on a side. A first type region 1s
defined by the square region where a proportion of an area
of Zr0O, 1s 25% or more. A second type region 1s defined by
the square region where a proportion of an area of ZrQO, 1s
less than 25%. In this case, a total number of the transverse
line-shaped regions including two or more of the first type
regions 1s equal to or more than 3.

With this configuration, ensuring a proper state within the
resistor element allows improving both the suppression
performance of radio wave noise and the service life of the
resistor element.
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2
Application Example 2

In accordance with a second aspect of the present mnven-
tion, there 1s provided a spark plug according to the appli-
cation example 1, wherein a total number of the transverse
line-shaped regions including two or more of the consecu-
tive first type regions 1s equal to or more than 3.

With this configuration, ensuring a proper state within the
resistor element allows improving both the suppression
performance of radio wave noise and the service life of the
resistor element.

Application Example 3

In accordance with a third aspect of the present invention,
there 1s provided a the spark plug according to the applica-
tion example 1 or 2, wherein the filler contains T10,, and a
weilght proportion of 11 to Zr 1n the resistor element 1s equal
to or more than 0.05 and equal to or less than 6.

With this configuration, ensuring a proper weight propor-
tion of T1 to Zr in the filler allows 1mproving both the
suppression performance of radio wave noise and the service
life of the resistor element.

Application Example 4

In accordance with a fourth aspect of the present mnven-
tion, there 1s provided a spark plug according to any one of
the application examples 1 to 3, wherein, 1n a cross section
perpendicular to the axial line in the resistor element, a
minimum value of an outer diameter of a portion 1n contact
with an 1inner peripheral surface of the insulator over a whole
circumierence 1s equal to or less than 3.5 mm.

This configuration allows improving both the suppression
performance of radio wave noise and the service life of the
resistor element in the case where the resistor element with
the outer diameter of 3.5 mm or less 1s used.

Application Example 5

In accordance with a fifth aspect of the present invention,
there 1s provided a spark plug according to the application
example 4, wherein the minimum value of the outer diam-
eter 1s equal to or less than 2.9 mm.

This configuration allows improving both the suppression
performance of radio wave noise and the service life of the
resistor element 1n the case where the resistor element with
the outer diameter of 2.9 mm or less 1s used.

Application Example 6

In accordance with a sixth aspect of the present invention,
there 1s provided a spark plug according to any one of the
application examples 1 to 5, wherein a distance 1n the axial
line between a rear end of the center electrode and a front
end of the terminal metal fitting 1s equal to or more than 15
mm.

This configuration allows improving both the suppression
performance of radio wave noise and the service life of the
resistor element 1n the case where the resistor element 1s
arranged between the center electrode and the terminal metal
fitting that are arranged at a distance of 15 mm or more from
cach other.

Application Example 7

In accordance with a seventh aspect of the present mnven-
tion, there 1s provided a spark plug according to any one of
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the application examples 1 to 6, wherein a longitudinal
line-shaped region 1s defined by a line-shaped region that 1s
constituted of 12 of the square regions arranged 1n a direc-
tion parallel to the axial line. A longitudinal maximum
consecutive number 1s defined by a maximum value of a
consecutive number of the first type regions 1n one longi-
tudinal line-shaped region. In this case, an average value of
the longitudinal maximum consecutive number 1n nine lon-
gitudinal line-shaped regions included in the target region 1s
equal to or less than 5.0.

This configuration allows further improving the suppres-
s1on performance of radio wave noise.

Application Example 8

In accordance with an eighth aspect of the present inven-
tion, there 1s provided a spark plug according to any one of
the application examples 1 to 7, wherein a total number of
the transverse line-shaped regions including two or more of
the consecutive first type regions 1s equal to or more than 7.

This configuration allows further improving the service
life of the resistor element.

Application Example 9

In accordance with a ninth aspect of the present invention,
there 1s provided a spark plug according to any one of the
application examples 1 to 8, wherein, when a transverse
maximum consecutive number 1s defined by a maximum
value of a consecutive number of the first type regions 1n one
transverse line-shaped region, an average value of the trans-
verse maximum consecutive number 1 12 transverse line-
shaped regions included 1n the target region 1s larger than an
expected value of the transverse maximum consecutive
number calculated from a total number of the first type
regions 1n the target region.

This configuration allows further improving the service
life of the resistor element.

Here, the present mvention can be realized by various
forms, for example, can be realized in a form of an internal
combustion engine on which the spark plug 1s mounted or
similar form.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a sectional view of an exemplary spark plug.

FIG. 2 1s an explanatory diagram of a cross section
including a central axis CL of a resistor element 70 and a
target region A10 on the cross section.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

A. Embodiment

FIG. 1 1s a sectional view of an exemplary spark plug
according to a first embodiment. The line CL shown 1n the
drawing denotes the central axis of a spark plug 100. The
cross section shown in the drawing 1s a cross section
including a central axis CL. Hereinafter, the central axis CL
1s also referred to as an “axial line CL” and the direction
parallel to the central axis CL 1s also referred to as an “axial
direction.” The radial direction of the circle around the
central axis CL 1s also referred to simply as a “radial
direction” and the direction of the circumierence of the
circle around the central axis CL 1s also referred to as a
“circumierential direction.” Among directions parallel to the
central axis CL, the downward direction in FIG. 1 1s referred
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4

to as a front end direction D1 while the upward direction 1s
also referred to as a rear end direction D1r. The front end
direction D1 1s the direction from a terminal metal fitting 40
toward electrodes 20 and 30 describe later. The front end
direction D1 side in FIG. 1 1s referred to as the front end side
of the spark plug 100. The rear end direction D1 side 1n
FIG. 1 1s referred to as the rear end side of the spark plug
100.

The spark plug 100 includes an 1nsulator 10 (hereinatfter
referred to also as a “‘ceramic insulator 10), the center
clectrode 20, the ground electrode 30, the terminal metal
fitting 40, a metal shell 50, a conductive first seal portion 60,
a resistor element 70, a conductive second seal portion 80,
a Iront-end-side packing 8, a talc 9, a first rear-end-side
packing 6, and a second rear-end-side packing 7.

The 1nsulator 10 1s an approximately cylindrically-shaped
member with a through hole 12 (hereinatter referred to also
as a “shaft hole 12”"). The through hole 12 extends along the
central axis CL so as to pass through the sulator 10. The
insulator 10 1s formed by sintering alumina (another 1nsu-
lating material can also be adopted). The insulator 10
includes a nose portion 13, a first outer-diameter contracted
portion 15, a front-end-side trunk portion 17, a flange
portion 19, a second outer-diameter contracted portion 11,
and a rear-end-side trunk portion 18 that are arranged from
the front end side toward the rear end direction D1r in this
order. The outer diameter of the first outer-diameter con-
tracted portion 15 gradually decreases from the rear end side
toward the front end side. In the vicinmity (the front-end-side
trunk portion 17 in the example of FIG. 1) of the first
outer-diameter contracted portion 15 of the insulator 10, an
inner-diameter contracted portion 16 1s formed. The nner
diameter of the mner-diameter contracted portion 16 gradu-
ally decreases from the rear end side toward the front end
side. The outer diameter of the second outer-diameter con-
tracted portion 11 gradually decreases from the front end
side toward the rear end side.

Into the front end side of the shaft hole 12 of the 1nsulator
10, a rod-shaped center electrode 20 1s mserted. The center
clectrode 20 extends along the central axis CL. The center
clectrode 20 includes a nose portion 25, a flange portion 24,
and a head 23 that are arranged from the front end side
toward the rear end direction D1# 1n this order. The portion
on the front end side of the nose portion 25 1s exposed to the
outside of the shait hole 12 on the front end side of the
insulator 10. The surface on the front end direction D1 side
of the flange portion 24 1s supported by the mner-diameter
contracted portion 16 of the insulator 10. The center elec-
trode 20 includes an outer layer 21 and a core portion 22.
The rear end portion of the core portion 22 1s exposed from
the outer layer 21 so as to form the rear end portion of the
center electrode 20. The other portion of the core portion 22
1s coated with the outer layer 21. However, the entire core
portion 22 may be covered with the outer layer 21.

The outer layer 21 1s formed using a matenal excellent 1n
oxidation resistance compared with the core portion 22, that
1s, a material with little wear 1n the case where the material
1s exposed to a combustion gas within the combustion
chamber of the internal combustion engine. The material of
the outer layer 21 employs, for example, nmickel (N1) or an
alloy (for example, Inconel (“INCONEL” i1s a registered
trademark)) containing nickel as a main component. Here,
the “main component” means the component at the highest
content rate (the same shall apply hereafter). As the content
rate, the value expressed by weight percent (wt %) 1s
adopted. The core portion 22 1s formed using a material with
a thermal conductivity higher than that of the outer layer 21,
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for example, a material (for example, pure copper or an alloy
containing copper as a main component) containing copper.

Into the rear end side of the shait hole 12 of the insulator
10, a part of the terminal metal fitting 40 1s inserted. The
terminal metal fitting 40 1s formed using a conductive
material (for example, metal such as low-carbon steel).
Within the shaft hole 12 of the insulator 10, the approxi-
mately cylindrically-shaped resistor element 70 1s arranged
between the terminal metal fitting 40 and the center elec-
trode 20. The resistor element 70 1s for reducing electrical
noise. The resistor element 70 1s formed using a material
containing a conductive material ({for example, carbon par-
ticles), first type particles (for example, S10,—B,0O;,—
L1,0—BaO-based glass particles or similar glass particle)
with relatively large diameters, and second type particles
(for example, ZrO, particles and T10, particles) with rela-
tively small diameters. In the drawing, a resistor element
diameter 70D 1s the outer diameter of the resistor element
70. In this embodiment, the resistor element diameter 70D 1s
the same as the mner diameter of the portion that houses the
resistor element 70 1n the through hole 12 of the insulator 10.

Within the through hole 12 of the insulator 10, the
conductive first seal portion 60 1s arranged between the
resistor element 70 and the center electrode 20. Between the
resistor element 70 and the terminal metal fitting 40, the
conductive second seal portion 80 1s arranged. The seal
portions 60 and 80 are formed using, for example, materials
containing the glass particles that are the same as those
contained in the material of the resistor element 70 and
containing metal particles (for example, Cu).

The center electrode 20 and the terminal metal fitting 40
are clectrically connected to each other via the resistor
clement 70 and the seal portions 60 and 80. Hereinatter, the
entire member (here, the plurality of members 60, 70, and
80) that electrically connects the center electrode 20 and the
terminal metal fitting 40 together within the through hole 12
1s referred to as a connecting portion 300. In the drawing, a
connecting portion length 300L 1s a distance 1n the direction
parallel to the central axis CL between the rear end (the end
on the rear end direction D17 side) of the center electrode 20
and the front end (the end on the front end direction D1 side)
of the terminal metal fitting 40.

The metal shell 50 1s an approximately cylindrically-
shaped member with a through hole 59, which extends along
the central axis CL so as to pass through the metal shell 50,
(in this embodiment, the central axis of the metal shell 50
comncides with the central axis CL of the spark plug 100).
The metal shell 50 1s formed using a low-carbon steel
material (or another conductive material (for example, a
metallic material) can also be adopted). The mnsulator 10 1s
inserted into the through hole 59 of the metal shell 50. The
metal shell 50 1s secured to the outer periphery of the
insulator 10. On the front end side of the metal shell 50, the
front end (1n this embodiment, the portion on the front end
side of the nose portion 13) of the msulator 10 1s exposed to
the outside of the through hole 59. On the rear end side of
the metal shell 50, the rear end (in this embodiment, the
portion on the rear end side of the rear-end-side trunk
portion 18) of the msulator 10 1s exposed to the outside of
the through hole 59.

The metal shell 50 includes a trunk portion 35, a seat
portion 54, a deformed portion 38, a tool engagement
portion 51, and a crimp portion 53 that are arranged from the
front end side toward the rear end side 1n this order. The seat
portion 54 1s a flanged portion. On the outer peripheral
surface of the trunk portion 55, a screw portion 352 1s formed
to be threadably mounted on the mounting hole of the
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internal combustion engine (for example, a gasoline engine).
Between the seat portion 54 and the screw portion 52, an
annular gasket 5 1s fitted. The gasket 5 1s formed by folding
a metal plate.

The metal shell 50 includes an mner-diameter contracted
portion 56 arranged on the front end direction D1 side with
respect to the deformed portion 38. The inner diameter of the
inner-diameter contracted portion 56 gradually decreases
from the rear end side toward the front end side. Between the
inner-diameter contracted portion 56 of the metal shell 50
and the first outer-diameter contracted portion 15 of the
insulator 10, the front-end-side packing 8 1s sandwiched.
The front-end-side packing 8 1s made of steel, and 1s an
O-shaped ring (another material (for example, metallic
material such as copper) can also be adopted).

The shape of the tool engagement portion 51 1s a shape
(for example, a hexagonal prism) with which a spark plug
wrench 1s engaged. On the rear end side of the tool engage-
ment portion 51, the crimp portion 33 1s disposed. The crimp
portion 53 1s arranged on the rear end side with respect to the
second outer-diameter contracted portion 11 of the 1nsulator
10 so as to form the rear end (that 1s, the end on the rear end
direction D17 side) of the metal shell 50. The crimp portion
53 1s flexed to radially inside. On the front end direction D1
side of the crimp portion 53, the first rear-end-side packing
6, the talc 9, and the second rear-end-side packing 7 are
arranged 1n this order toward the front end direction D1
between the mner peripheral surface of the metal shell 50
and the outer peripheral surface of the msulator 10. In this
embodiment, these rear-end-side packings 6 and 7 are
C-shaped rings made of steel (another material can also be
adopted).

During manufacture of the spark plug 100, the crimp
portion 53 1s crimped so as to be folded to the mside. Then,
the crimp portion 53 is pressed toward the front end direc-
tion D1 side. Accordingly, the deformed portion 38 deforms,
and the msulator 10 1s pressed toward the front end side via
the packings 6 and 7 and the talc 9 within the metal shell 50.
The front-end-side packing 8 1s pressed between the first
outer-diameter contracted portion 15 and the inner-diameter
contracted portion 56 so as to seal the gap between the metal
shell 50 and the insulator 10. With the above-described
configuration, the metal shell 50 1s secured to the insulator
10.

The ground electrode 30 1s sealed to the front end (that 1s,
the end on the front end direction D1 side) of the metal shell
50. In this embodiment, the ground electrode 30 1s a rod-
shaped electrode. The ground electrode 30 extends from the
metal shell 50 toward the front end direction D1, 1s bent
toward the central axis CL, and reaches a front end portion
31. The front end portion 31 forms a gap g with a front end
surface 29 (the surface 29 on the front end direction D1 side)
of the center electrode 20. The ground electrode 30 1s sealed
to the metal shell 50 to be electrically conductive (for
example, by laser beam welding). The ground electrode 30
includes a base material 35 and a core portion 36. The base
matenial 35 forms the surface of the ground electrode 30.
The core portion 36 1s buried within the base material 35.
The base material 35 1s formed, for example, using Inconel.
The core portion 36 1s formed using a material (for example,
pure copper) with a higher thermal conductivity than that of
the base matenal 35.

As the method for manufacturing this spark plug 100, any
method can be adopted. For example, the following manu-
facturing method can be adopted. Firstly, the nsulator 10,
the center electrode 20, the terminal metal fitting 40, the
metal shell 50, and the rod-shaped ground electrode 30 are
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manufactured by a well-known method. Additionally, the
respective material powders of the seal portions 60 and 80
and material powders of the resistor element 70 are pre-
pared.

In the case where the powder material of the resistor
clement 70 1s prepared, firstly, a conductive material, the
second type particles (for example, ZrO, particles and T10,
particles), which have larger diameters than the diameters of
the particles of the conductive material, and a binder are
mixed together. As the conductive material, for example,
carbon particles such as carbon black can be adopted. As the
binder, for example, a dispersant such as polycarboxylic acid
can be adopted. To these materials, water 1s added as solvent.
The added materials are mixed using wet ball mill. Then, the
mixture 1s used to generate particles by a spray drying
method. Subsequently, the particles of the mixture and the
first type particles (for example, glass particles), which have
larger diameters than the diameters of the second type
particles, are mixed together with the addition of water.
Then, drying the obtained mixture causes generation of the
powder material of the resistor element 70. Thus, since the
second type particles to which the conductive matenal 1s
attached are mixed with the first type particles, the conduc-
tive material can be dispersed compared with the case where
the conductive material 1s directly mixed with the first type
particles.

Subsequently, the center electrode 20 1s mnserted from an
opening (hereinafter referred to as a “rear opeming 14”) on
the rear end direction D1r side of the through hole 12 of the
insulator 10. As described 1in FIG. 1, the center electrode 20
1s supported by the mner-diameter contracted portion 16 of
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material 1s shaped using a rod inserted from the rear opening
14. The material powders are shaped into approximately the
same shape as the shape of the corresponding member.

Subsequently, the msulator 10 1s heated up to a predeter-
mined temperature higher than the soitening temperature of
the glass component included in the respective material
powders. In the state heated up to the predetermined tem-
perature, the terminal metal fitting 40 1s 1nserted into the
through hole 12 from the rear opening 14 of the through hole
12. As a result, the respective material powders are com-
pressed and sintered so as to form each of the seal portions
60 and 80 and the resistor element 70.

Subsequently, the metal shell 50 1s assembled to the outer
periphery of the imnsulator 10 so as to secure the ground
clectrode 30 to the metal shell 50. Subsequently, the ground
clectrode 30 1s flexed so as to complete a spark plug.

B. First Evaluation Test
B-1. Outline of First Evaluation Test

In a first evaluation test, a sample of the spark plug 100
of the embodiment was used to evaluate the suppression
performance of the radio wave noise and the load life. Table
1 below shows the relationship between the number for the
type of the sample, a first type line number NLL1, a compo-
nent ratio R (11/Zr), a second type line number NL2, an
average value NcpA of a longitudinal maximum consecutive
number Ncp, the connecting portion length 300L (1n the unit
of mm), the resistor element diameter 70D (1n the unit of
mm), the evaluation result (heremafter referred to as a
“radio-wave-noise evaluation result”) of the suppression
performance of the radio wave noise, and the evaluation
result of the load life. In this evaluation test, the samples of
23 types from No. 1 to No. 23 were evaluated.

TABLE 1
First Type Second Type Average Value NcpA of Connecting  Resistor Radio-Wave-
Line Number Component Line Number Longitudinal Maximum Portion Element Noise Load-Life
NL1 Ratio R NL2 Consecutive Number Length Diameter  Evaluation Evaluation

No. (Nc = 2) (T1/Zr) (Nce = 2) Ncp 300L 70D Result Result

1 1 0 3.0 3.5 2 2

2 5 3 1.9 3.5 4 6

3 5 5 1.8 3.5 4 9

4 7 3 2.1 3.5 4 6

5 7 5 2.0 3.5 4 9

6 8 6 2.1 3.5 4 9

7 10 7 3.1 3.5 4 10

8 12 10 3.3 3.5 5 10

9 12 10 5.0 3.5 5 10
10 12 10 6.0 3.5 4 9
11 12 0 10 3.2 3.5 5 7
12 12 0.05 10 3.3 3.5 5 8
13 12 0.5 10 3.0 3.5 5 10
14 12 2 10 3.1 3.5 5 10
15 12 3 10 2.8 3.5 5 10
16 12 6 10 2.7 3.5 4 10
17 12 10 10 2.7 3.5 3 10
18 1 ] 0 0.9 11 4 1 3
19 10 7 3.1 11 4 4 10
20 1 0 0.8 1: 2.9 3 1
21 10 7 3.0 11 2.9 5 10
22 1 0 0.8 15 3.5 3 1
23 10 7 3.0 15 3.5 5 10

the insulator 10 so as to be arranged in a predetermined
position within the through hole 12.

Subsequently, an 1nput of the respective material powders
of the first seal portion 60, the resistor element 70, and the
second seal portion 80 and shaping of the mput powder
materials are performed in the order corresponding to the
members 60, 70, and 80. The powder material 1s input from
the rear opening 14 of the through hole 12. The input powder
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The line numbers NLL1 and NL2 and the average value
NcpA are specified based on the analysis result of the cross
section of the resistor element 70 (details will be described
below). The component ratio R 1s the proportion (weight
proportion) of the amount of a 11 element to the amount of
a /Zr element in the resistor element 70 (that 1s, a filler). This
proportion was specified by scraping ofl a part of the resistor
clement 70 and analyzing the scraped portion using Induc-
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tively Coupled Plasma Atomic Emission Spectroscopy (ICP
emission spectroscopy). Here, the material of the resistor
clement 70 of each sample employed the material that
contained carbon black as the conductive maternial, S10,—
B,0,—11,0—Ba0O-based glass particles as the first type
particles, and ZrQO, particles and T10,, particles as the second
type particles.

The radio-wave-noise evaluation result was determined
using the attenuation of the radio wave noise. The attenua-
tion was measured in accordance with the box method
specified by JASO DO002-2 (2004). Specifically, for each
sample number, five samples with the same configuration
were manufactured. In the configuration, the resistance
value was within a range of 1.40+0.05 (k€2). Then, the
average values of the attenuations of the five samples at 300
MHz were used to determine the evaluation values. The
evaluation value was calculated by adding 1 point for each
increase of 0.1 dB 1n improved value of the average attenu-
ation compared with the reference. The average attenuation
of the sample No. 16 was set to the reference (1 point). For
example, 1n the case where the improved value from the
average attenuation of No. 16 1s equal to or more than 0.1 dB
and less than 0.2 dB, the radio-wave-noise evaluation result
1s 2 points.

The load life denotes the durability against discharging.
To evaluate the durability, for each sample number, five
samples with the same configuration were manufactured. In
the configuration, the resistance value was within a range of
1.40+£0.05 (k€2). The manufactured sample was manufac-
tured under the same conditions as those of the sample with
the same number used for evaluation of the suppression
performance of the radio wave noise. Then, the sample was
connected to a power source so as to perform an operation
for repeating a multiple discharge under the following
conditions. The following conditions are conditions severer
than general usage conditions.

Temperature: 400 degrees Celsius

Discharge Cycle: 60 Hz

Energy Output from Power Source in 1 Cycle: 400 mlJ

In the evaluation test, the operation was performed under
the above-described conditions. After the operation, the
clectric resistance value at ordinary temperature between the
center electrode 20 and the terminal metal fitting 40 was
measured. The operation and the measurement of the electric
resistance value were repeated until the electric resistance
value of at least one sample of the five samples after the
operation was 1creased up to a value that was 1.5 times or
more larger than the electric resistance value before the
evaluation test. Then, the evaluation result was determined
as follows based on the total operating period when the
clectric resistance value of at least one sample after the
operation had been increased up to a value that was 1.5 times
or more larger than the electric resistance value before the
evaluation test.

Total Operating Period: Evaluation Result

Less Than 10 hours: 1 point

10 hours Or More, Less Than 20 hours: 2 points

20 hours Or More, Less Than 100 hours: 3 points

100 hours Or More, Less Than 120 hours: 4 points

120 hours Or More, Less Than 140 hours: 5 points

(after that, 1 point 1s added for each increase of 20 hours
in total operating period)

The following describes the line numbers NLL1 and NL2
shown in Table 1. FIG. 2 1s an explanatory diagram of a
cross section including the central axis CL 1n the resistor
clement 70 and a target region A10 on the cross section. The

left lower portion of FIG. 2 shows the cross section includ-
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ing the central axis CL 1n the resistor element 70 within the
through hole 12. The target region A10 1s shown on the cross
section of the resistor element 70 shown 1n the drawing. This
target region A10 1s a rectangular region that employs the
central axis CL (the axial line CL) as the center line. The
rectangular shape includes two sides parallel to the central
axis CL and two sides perpendicular to the central axis CL.
The shape of the target region A10 1s line symmetric with
respect to the central axis CL as a symmetry axis. The target
region A10 1s arranged not to protrude from the resistor
clement 70. Here, as shown in the drawing, the end face on
the front end direction D1 side and the end face on the rear
end direction D1 side of the resistor element 70 might be
curved. A resistor element length 70L in the drawing 1s the
length 1n the direction parallel to the central axis CL 1n the
resistor element 70. The resistor element length 70L corre-
sponds to the length of the portion whose entire region
surrounded by the mnner peripheral surface of the insulator
10 1s occupied by the resistor element 70 1n the cross section

perpendicular to the central axis CL.

The right side portion of FIG. 2 shows an enlarged
diagram of the target region A10. A first length La 1s a length
in the direction perpendicular to the central axis CL of the
target region Al10. A second length Lb 1s a length 1n the
direction parallel to the central axis CL of the target region
A10. Here, the first length La 1s 1800 um while the second
length Lb 1s 2400 um.

As shown in the drawing, the target region A10 1s divided
into a plurality of square regions A20. In the square region
A20, a length Ls of one side 1s 200 um. Accordingly, within
the target region A10, the number of the square regions A20
in the direction parallel to the central axis CL 1s 12 while the
number of the square regions A20 1n the direction perpen-
dicular to the central axis CL 1s 9. Hereinafter, the line-
shaped region constituted of the nine square regions A20
arranged 1n the direction perpendicular to the central axis CL
1s referred to as a transverse line-shaped region. The line-
shaped region constituted of the 12 square regions A20
arranged 1n the direction parallel to the central axis CL 1s
referred to as the longitudinal line-shaped region. As shown
in FIG. 2, the target region A10 1s divided into 12 transverse
line-shaped regions 101 to L12 arranged toward the front
end direction D1. Additionally, the target region A10 1is
divided into nine longitudinal line-shaped regions L21 to
[.29 arranged toward the direction perpendicular to the
central axis CL.

In the top-left portion of FIG. 2, a partial cross section 400
1s shown. The partial cross section 400 includes one square
region A20. This partial cross section 400 shows a part of the
cross section of the resistor element 70. As shown 1n the
drawing, the cross section includes aggregate regions Aa and
conductive regions Ac sandwiched between the aggregate
regions Aa. The aggregate region Aa 1s hatched with a
relatively dark color while the conductive region Ac 1s
hatched with a relatively light color.

The aggregate region Aa 1s mainly formed of the first type
particles (here, glass particles). The aggregate region Aa
includes a relatively large particulate portion (for example,
a portion Pg 1n the drawing). This particulate portion Pg 1s
formed of glass particles. Hereinafter, the particulate portion
with the maximum particle diameter of 20 um or more in the
resistor element 70 1s referred to as the “aggregate.” In the
sample evaluated 1n the evaluation test, the portion formed
of glass particles (for example, the portion Pg) corresponds
to the aggregate.

The conductive region Ac 1s mainly formed of the second
type particle (here, ZrO, and Ti0O,) and the conductive
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matenal (here, carbon). Above the partial cross section 400
in the drawing, a partial enlarged diagram 400c¢ of the
conductive region Ac 1s shown. As shown 1n the drawing, the
conductive region Ac includes a zirconia portion P1, which
1s a portion formed of ZrO,, a titania portion P2, which 1s
tformed of T10,, and another component portion P3, which
1s formed of another component (for example, glass melted
during manufacture). In the drawing, the titania portion P2
and the other component portion P3 are hatched.

In the cross section, the zirconia portion P1 and the titama
portion P2 form particulate regions. Hereinafter, the particu-
late portion with the maximum particle diameter of less than
20 um 1n the resistor element 70 1s referred to as the “filler.”
In the sample evaluated in the evaluation test, the filler of the
resistor element 70 includes the zircoma portion P1 and the
titania portion P2. Here, the ZrO, material powder, which
was the material of the zirconia portion P1, had the average
grain diameter of 3 um. The T10, maternial powder, which
was the material of the titania portion P2, had the average
grain diameter of 5 um. In the completed resistor element 70,
the average grain diameter of the zirconia portion P1 and the
average grain diameter of the titania portion P2 are approxi-
mately the same as the average grain diameters of the
respective material powders.

As described above, the conductive material (here, car-
bon) 1s dispersed in the state attached to the filler (for
example, the ZrO, particle). Accordingly, the conductive
maternial 1s distributed in the zirconia portion P1 and its
vicinity, that 1s, 1n the conductive region Ac. The conductive
region Ac achieves the conductive property using the con-
ductive material. Thus, 1t can be said that the zirconia
portion P1 shows the current path in the resistor element 70.
In other words, during discharge, a current does not flow 1n
the aggregate region Aa but mainly flows in the zircoma
portion P1 and its vicinity.

To specity the line numbers NLL1 and NL2 and the average
value NcpA 1n Table 1, the zirconia portion P1 within the
target region A10 was specified. The zirconia portion P1 was
specified by analyzing the ZrO, distribution within the target
region A10 using a scanning electron microscope/an energy-
dispersive X-ray spectrometer (SEM/EDS). As the analyzer,
ISM-6490L A made by JEOL Ltd. was used. For the analy-

s1s, the sample of the Spark plug 100 was cut along the plane

including the central axis CL, and then the cross section of

the resistor element 70 was mirror polished. As the sample,
the samples manufactured under the same conditions as the
samples used in the evaluation of the suppression perior-
mance of the radio wave noise and the evaluation of the load
life were used. The mirror polished cross section was
analyzed using the analyzer. Here, the accelerating voltage
was set to 20 kV and the number of sweeps was set to 50.
Then, EDS mapping was performed. The result of the EDS
mapping was saved as black-and-white (that 1s, binary)
bit-mapped 1mage data. At this time, through the operation
menu of “Tools-Histogram™ 1n the analysis tool of the
analyzer, setting of the threshold in the black-and-white
image was performed. In the setting, the value equal to or
more than 20% of the maximum value was set to white while
the value less than 20% was set to black. In the 1mage thus
obtained, the white region was adopted as the zirconia
portion P1.

Here, 1n the case where the threshold is set, the integer
obtained by rounding the value of 20% of the maximum
value to the nearest whole number was adopted as the
threshold upper limit. The value obtained by subtracting the
threshold upper limit from 1 was adopted as the threshold
lower limit Setting the threshold lower limit to the value
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obtained by subtracting the threshold upper limit from 1
allows black and white binarization without generating the
portion with the intermediate color (gray) between black and
white. For example, 1n the case where the maximum value
1s 35, the threshold upper limait 1s set to 7 (35x20%) and the
threshold lower limait 1s set to 6. In this case, a region with
a value equal to or more than 7 1s categorized into a white
region and a region with a value less than 7 1s categorized
into a black region. Also in the case where the maximum
value 1s 37, the threshold upper limit i1s set to 7 and the
threshold lower limit 1s set to 6 similarly. In the case where
the maximum value 1s 38, the threshold upper limit 1s set to
8 and the threshold lower limit 1s set to 7.

The first type line number NL1 in Table 1 was determined
using the zirconia portion P1 thus specified. Specifically, for
cach of the 108 square regions A20 included 1n the target
region A10, the proportion of the area of the zirconia portion
P1 was calculated. Then, the square region A20 where the
area proportion of the zirconia portion P1 was equal to or
more than 25% was categorized 1nto a first type region Al.
The square region A20 where the area proportion of the
zirconia portion P1 was less than 25% was categorized into
a second type region A2. In the example of FIG. 2, the
second type region A2 1s hatched. In the drawing, a first type
region number Nc shown on the right side of the target
region A10 denotes the number of the first type regions Al
included 1n each transverse line-shaped region. For example,
the first type region number Nc¢ of the second transverse
line-shaped region .02 1s 2. As described above, the zirconia
portion P1 1s likely to cause a current flow compared with
the aggregate region Aa. Accordingly, the large first type
region number Nc shows that the current 1s likely to flow
along that transverse line-shaped region that 1s, 1 the
direction intersecting with the central axis CL

The first type line number NL1 1n Table 1 1s the number
of transverse line-shaped regions (hereinafter referred to as
“first type lines™) with the first type region number Nc¢ of 2
or more. The large first type line number NL1 means that the
current 1s likely to tlow through the respective many trans-
verse line-shaped regions (for example, NL1 lines of the
transverse line-shaped regions) along the extending direc-
tions of the respective transverse line-shaped regions.
Accordingly, 1n the case where the first type line number
NL1 i1s large, the current tlowing through the resistor ele-
ment 70 can pass through a complicated path passing
through a plurality of transverse line-shaped regions. In the
case where the current passes through the complicated path,
the radio wave noise can be reduced compared with the case
where the current passes through a straight path parallel to
the central axis CL. The effect for reducing the radio wave
noise 1s estimated to be larger as the shape of the path
becomes more complicated, that 1s, the first type line number
NL1 becomes larger. Additionally, in the case where the
current passes through the complicated path, the current can
be dispersed within the resistor element 70 compared with
the case where the current passes through a straight path
parallel to the central axis CL. Accordingly, a local deterio-
ration of the resistor element 70 1s estimated to be reduced
as the first type line number NL1 becomes larger.

In FIG. 2, the first type region number Nc of 2 or more 1s
enclosed 1n a square. In the example of FIG. 2, the number
of lines with the first type region numbers Nc¢ of 2 or more,
that 1s, the first type line number NL1 1s 10 lines.

The second type line number NL2 1n Table 1 was deter-
mined using a transverse maximum consecutive number Ncc
shown next to the first type region number Nc in FIG. 2.
When the portion including the consecutive first type
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regions Al within one transverse line-shaped region 1s
referred to as a transverse consecutive portion, the transverse
maximum consecutive number Ncc 1s the maximum value of
the number of the first type regions Al included in one
transverse consecutive portion. In FIG. 2, the transverse
consecutive portion 1s shown by the double line. For
example, the transverse maximum consecutive number Ncc
of the fourth transverse line-shaped region L.04 1s 2. The
large transverse maximum consecutive number Ncc shows
that the current 1s more likely to tflow along that transverse
line-shaped region.

The second type line number NL2 in Table 1 1s the
number of transverse line-shaped regions (heremafter
referred to also as “second type lines™) with the transverse
maximum consecutive number Ncc of 2 or more. The large
second type line number NL2 means that the current 1s more
likely to tlow through the respective many transverse line-
shaped regions (for example, NL2 lines of the transverse
line-shaped regions) along the extending directions of the
respective transverse line-shaped regions. Accordingly, in
the case where the second type line number NL2 is large, the
current flowing through the resistor element 70 1s likely to
pass through a complicated path passing through a plurality
of transverse line-shaped regions. This allows further reduc-
ing the radio wave noise. The effect for reducing the radio
wave noise 1s estimated to be larger as the shape of the path
becomes more complicated, that 1s, the second type line
number NL2 becomes larger. Additionally, i the case where
the current passes through the complicated path, the current
can be dispersed within the resistor element 70 compared
with the case where the current passes through a straight
path parallel to the central axis CL. Accordingly, a local
deterioration of the resistor element 70 1s estimated to be
reduced as the second type line number NL2 becomes larger.

In FIG. 2, the transverse maximum consecutive number
Ncc of 2 or more 1s enclosed 1n a square. In the example of
FI1G. 2, the number of lines with the transverse maximum
consecutive numbers Ncc of 2 or more, that 1s, the second
type line number NL2 1s 8 lines.

The average value NcpA of the longitudinal maximum
consecutive number Ncp 1n Table 1 1s the average value of
the respective longitudinal maximum consecutive numbers
Ncp of the nine longitudinal line-shaped regions .21 to L.29
shown 1n FIG. 2. When the portion including the consecutive
first type regions Al within one longitudinal line-shaped
region 1s referred to as a longitudinal consecutive portion,
the longitudinal maximum consecutive number Ncp 1s the
maximum value of the number of the first type regions Al
included 1n one longitudinal consecutive portion. In FIG. 2,
the longitudinal consecutive portion 1s shown by the bold
line connecting a plurality of the first type regions Al that
torms the longitudinal consecutive portion. For example, the
longitudinal maximum consecutive number Ncp of the
fourth longitudinal line-shaped region L.24 1s 3. In the
example of FIG. 2, the average value NcpA of the nine
longitudinal maximum consecutive number Ncp 1s 2.1. The
large longitudinal maximum consecutive number Ncp
shows that the current 1s likely to flow along that longitu-
dinal line-shaped region.

Here, analySIS Five (trade name) of image analysis
software by Soft Imaging System GmbH was used for
analysis of the bit-mapped 1mage data, that 1s, calculation of
the area to specily the first type region Al, the second type
region A2, and the average value NcpA and calculation of
the first type line number NL1, the second type line number
NL2, and the average value NcpA Additionally, the line
numbers NLL1 and NL2 and the average value NcpA in Table
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1 are the average values of the analysis results of the two
target region A10 1n different positions on the cross section

ol one sample.
B-2. First Type Line Number NL1 and E

Evaluation Result:

The respective first type line numbers NLL1 of No. 1 to No.
10 in Table 1 were 1, 5,5,7,7, 8,10, 12, 12, and 12. In these
10 types of samples, the component ratio R had the same
value of 1, the connecting portion length 300L had the same
value of 11 mm, and the resistor element diameter 70D had
the same value of 3.5 mm. The resistor element length 70L
(1n FIG. 2) was approximately 8 mm.

As shown by No. 1 to No. 10, the radio-wave-noise
evaluation result was favorable 1n the case where the first
type line number NL1 was large compared with the case
where the first type line number NL1 was small. The
evaluation result of the load life was favorable 1n the case
where the first type line number NL1 was large compared
with the case where the first type line number NL1 was
small. As the reason for these results, 1t 1s estimated that this
1s because the shape of the current path becomes more
complicated as the first type line number NL1 becomes
larger as described above.

The first type line numbers NL1 that were able to achieve
the radio-wave-noise evaluation result more favorable than
2 points and the load-life evaluation result more favorable
than 2 points were 5, 7, 8, 10, and 12. Any value selected
from these values can be adopted as the lower limit of a
preferred range (the lower limit or more and the upper limit
or less) of the first type line number NL1. For example, as
the first type line number NL1, the value of 5 lines or more
can be adopted. Additionally, any value of the lower limit or
more among these values can be adopted as the upper limit
of the preferred range of the first type line number NL1. For
example, as the first type line number NL1, the value of 12
lines or less can be adopted.

Here, from the aspect of improvement of the radio-wave-
noise evaluation result, 1t 1s estimated that the path of the
current flowing within the resistor element 70 1s preferred to
be thin and complicated 1n an intricate pattern. However, in
the case where the current path 1s thin, the current path 1s
more likely to be cut due to heat and vibration (that 1s, the
load life 1s short) compared with the case where the current
pat“l 1s thick. Therefore, 1n this evaluation test, as described
in FIG. 2, the first type region Al in which the current is
relatively likely to flow and the second type region A2 in
which the current 1s relatively less likely to flow were
determined using the proportion of the area of the zirconia
portion P1 1n the square region A20 where one side had the
length of 200 um that was larger than the filler. In this case,
in the case where the current path formed by the zirconia
portion P1 1s excessively thin, the square region A20 1s not
categorized into the first type region Al. In the case where
the current path 1s thick to some extent, the square region
A20 1s categorized into the first type region Al. Using this
first type region Al allowed obtaining the parameter corre-
lated with both the radio-wave-noise evaluation result and
the load-life evaluation result, that 1s, the first type line
number NL1. Here, 1n the case where the length of one side
of the square region A20 1s larger than 200 pum, the line
number NL1 1s increased even when the current path (for
example, a thick current path extending in parallel to the
central axis CL) with a small influence on the reduction of
the radio wave noise 1s formed. Accordingly, the correlation
between the first type line number NL1 and the radio-wave-
noise evaluation result 1s estimated to become weak. The
same applies to the second type line number NL2 described
below.
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B-3. Second Type Line Number NI.2 and E

Evaluation Result:

The respective second type line numbers NL2 of No. 1 to
No. 10 in Table 1 were 0, 3, 5, 3, 5, 6,7, 10, 10, and 10. As
shown by these samples, the radio-wave-noise evaluation
result and the load-life evaluation result were favorable in
the case where the second type line number NL2 was large
compared with the case where the second type line number
NL2 was small. As the reason for these results, 1t 1s esti-
mated that this 1s because the shape of the current path
becomes more complicated as the second type line number
NL2 becomes larger as described above.

Here, the second type line numbers NL2 that were able to
achieve the load-life evaluation result more favorable than 2
points were 3, 5, 6, 7, and 10. Any value selected from these
values can be adopted as the lower limit of a preferred range
(lower limit or more and the upper limit or less) of the
second type line number NL2. For example, as the second
type line number NL2, the value of 3 lines or more can be
adopted. Additionally, the second type line numbers NL2
that were able to achieve the load-life evaluation result more
tavorable than 6 points were 5, 6, 7, and 10. Accordingly, as
the second type line number NL2, the value of 5 lines or
more 1s preferred to be adopted. Additionally, the best
second type line numbers NL2 that were able to achieve the
load-life evaluation result of 10 points were 7 and 10.
Accordingly, as the second type line number NL2, the value
of 7 lines or more 1s preferred to be adopted. Here, 1t 1s
estimated that the large second type line number NL2
achieves a more favorable load-life evaluation result.
Accordingly, as the second type line number NL2, 1t 1s
estimated that various values equal to or less than 12 lines,
which 1s the theoretical maximum, can be adopted. Addi-
tionally, as the upper limit, any value of the lower limit or

more selected from the above-described evaluated values
(for example, 3, 35, 6, 7, and 10) can be adopted.
B-4. Component Ratio R (11/7r) and F

Evaluation Result:

The respective component ratios R ('11/7r) of No. 11 to
No. 17 in Table 1 were 0, 0.05, 0.5, 2, 3, 6, and 10. In these
seven types of samples, the ﬁrst type hne number NL1 had
the same value of 12, the second type line number NL2 had
the same value of 10, the connecting portion length 300L
had the same value of 11 mm, and the resistor element
diameter 70D had the same value of 3.5 mm. The configu-
rations of the samples No. 11 to No. 17 were otherwise
similar to the configurations of the samples No. 1 to No. 10.

As shown by No. 11 to No. 17, the load-life evaluation
result was favorable in the case where the component ratio
R was large compared with the case where the component
ratio R was small. As the reason for this result, 1t 1s estimated
that this 1s because the large proportion of T10, increases the
path of the current passing through T10, so as to disperse the
current within the resistor element 70, thus reducing the
deterioration of the resistor element 70. The radio-wave-
noise evaluation result was favorable in the case where the
component ratio R was small compared with the case where
the component ratio R was large. As the reason for this
result, 1t 1s estimated that this 1s because the smaller pro-
portion of TiO, reduces the path of the current passing
through T10,, thus complicating the current path within the
resistor element 70.

In addition to No. 11 to No. 17, taking into consideration
No. 1 to No. 10, the component ratios R that were able to
achieve the load-life evaluation results of 8 points or more
were 0.05, 0.5, 1, 2, 3, 6, and 10. Additionally, the compo-
nent ratios R that were able to achieve the radio-wave-noise
evaluation result of 4 points or more were 0, 0.05, 0.5, 1, 2,
3, and 6. The component ratios R included in both results
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were six values of 0.05, 0.5, 1, 2, 3, and 6. Any value
selected from these six values can be adopted as the lower
limit of a preferred range (the lower limit or more and the
upper limit or less) of the component ratio R. In the six
values, any values of the lower limit or more can be adopted
as the upper limit. For example, as the component ratio R,
the value that 1s 0.05 or more and 6 or less can be adopted.
More preferably, as the component ratio R, the value that 1s
0.5 or more and 6 or less can be adopted. Further preferably,
as the component ratio R, the value that 1s 0.5 or more and
3 or less can be adopted.

Here, the component ratios R of No. 1 to No. 10 was 1,
and was larger than the lower limit and smaller than the
upper limit of the above-described preferred range of the
component ratio R. Additionally, as shown by No. 1 to No.
10, in the case where the component ratio R was 1, various
combinations of the first type line number NL1 and the
second type line number NL2 were able to achieve the
radio-wave-noise evaluation result of 4 points or more and
the load-life evaluation result of 8 points or more. Accord-
ingly, 1t 1s estimated that the above-described preferred
range ol the component ratio R 1s applicable to the case
where the first type line number NL1 1s different from 12,
which 1s the first type line number NLL1 of No. 11 to No. 17.
Similarly, the above-described preferred range of the com-
ponent ratio R 1s applicable to the case where the second
type line number NL2 1s different from 10, which 1s the
second type line number NL2 of No. 11 to No. 17.

B-5. Resistor Element Diameter 70D and

Evaluation Result:

The respective resistor element diameters 70D of No. 18
and No. 19 1n Table 1 were 4 mm that was larger than the
resistor element diameter 70D (3.5 mm) of No. 1 to No. 17.
The configuration of No. 18 had NL1=1, NL2=0, and R=1.
The two parameters NL1 and NL2 were out of the above-
described preferred ranges. For No. 18, the radio-wave-
noise evaluation result was 1 point and the load-life evalu-
ation result was 3 poimnts. On the other hand, the
configuration of No. 19 had NL1=10, NL2=7, and R=1. The
respective three parameters NL1, NL2, and R were within
the above-described preferred ranges. The radio-wave-noise
evaluation result of No. 19 was 4 points more favorable than
that of No. 18. The load-life evaluation result of No. 19 was
10 points more favorable than that of No. 18.

The respective resistor element diameters 70D of No. 20
and No. 21 in Table 1 were 2.9 mm that 1s smaller than the
resistor element diameter 70D (3.5 mm) of No. 1 to No. 17.
The configuration of No. 20 had NL1=1, NL2=0, and R=1.
The two parameters NL1 and NL2 were out of the above-
described preferred ranges. The radio-wave-noise evaluation
result of No. 20 was 3 points and the load-life evaluation
result was 1 point. On the other hand, the configuration of
No. 21 had NL1=10, NL2=7/, and R=1. The respective three
parameters NL1, NL2, and R were within the above-de-
scribed preferred ranges. The radio-wave-noise evaluation
result of No. 21 was 5 points more favorable than that of No.
20. The load-life evaluation result of No. 21 was 10 points
more favorable than that of No. 20.

Here, 1n the samples of No. 18 to No. 21, the connecting,
portion length 300L had the same value of 11 mm. The
resistor element length 70L (in FIG. 2) had approximately
the same value of 8 mm.

Generally, 1n the case where the resistor element diameter
70D 1s small, the surface area of the resistor element 70 1s
small compared with the case where the resistor element
diameter 70D 1s large. Accordingly, the heat generated due
to the flow of the current through the resistor element 70 1s
less likely to transfer to the other member such as the
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imsulator 10. That 1s, 1n the case where the resistor element
diameter 70D 1s small, the load-life evaluation result of the
resistor element 70 1s likely to be reduced. Additionally, in
the case where the resistor element diameter 70D 1s small,
the length of the current path that extends 1n the direction
intersecting with the central axis CL 1s restricted to be 1n a
range where the length 1s short. Accordingly, the suppression
performance of the radio wave noise 1s likely to be reduced.
Here, as shown in Table 1, the three resistor element
diameters 70D of 2.9, 3.5, and 4 (mm) were able to achieve
the radio-wave-noise evaluation result of 4 points or more
and the load-life evaluation result of 8 points or more. Thus,
as the resistor element diameter 70D, the value of 4 mm or
less can be adopted, the smaller value of 3.5 mm or less can
be adopted, and the further smaller value of 2.9 mm or less
can be adopted. Additionally, as the resistor element diam-
cter 70D, when any value (for example, 2.9 mm) of the
upper limit or less among the three values 1s selected as the
lower limit, the value of the lower limit or more can be
adopted.

Generally, taking into consideration the fact that the
achievement of the radio-wave-noise evaluation result of 2
points or more and the load-life evaluation result of 2 points
or more allows practical use, the allowable range of the
resistor element diameter 70D 1s estimated to be extendable
to a wide range including these three values of (2.9, 3.5, and
4 (mm)) For example, as the resistor element diameter 70D,
it 1s estimated that various values equal to or more than 1.8
mm, which 1s the first length La of the target region A10, can
be adopted. Additionally, taking into consideration the prac-
tical size of the spark plug 100, 1t 1s estimated that various
values of 6 mm or less can be adopted as the resistor element
diameter 70D. In each case, 1t 1s estimated that setting at
least the first type line number NL1 within the above-
described preferred range allows achieving the favorable
radio-wave-noise evaluation result (for example, 2 points or
more) and the favorable load-life evaluation result (for
example, 2 points or more). Here, 1n addition to the first type
line number NL1, the second type line number NL2 1is
preferred to be set within the above-described pretferred
range. Additionally, the component ratio R 1s preferred to be
set within the above-described preferred range.

B-6. Connecting Portion Length 300L and Evaluation
Result:

The respective connecting portion lengths 300L of No. 22
and No. 23 i Table 1 were 15 mm that was larger than the
connecting portion length 300L (11 mm) of No. 1 to No. 21.
The connecting portion length 300L of 15 mm was achieved
by moving the position of the front end (the end on the front
end direction D1 side) of the terminal metal fitting 40 toward
the rear end direction D1r side and then lengthening the
length (specifically, the resistor element length 70L 1n FIG.
2) 1n the direction parallel to the central axis CL of the
resistor element 70. The shape and the size of the first seal
portion 60 were approximately the same as those 1n all the
samples No. 1 to No. 21. Similarly, the shape and the size of
the second seal portion 80 were approximately the same as
those 1n all the samples No. 1 to No. 21.

The configuration of No. 22 had NL1=1, NL2=0, R=1,
and 70D=3.5 mm. The two parameters NL1 and NL2 were
out of the above-described preferred ranges. For No. 22, the
radio-wave-noise evaluation result was 3 points and the
load-life evaluation result was 1 point. On the other hand,
the configuration of No. 23 had NL1=10, NL2=7, R=1, and
70D=3.5 mm. The respective four parameters NLL1, NL2, R,
and 70D were within the above-described preferred ranges.
The radio-wave-noise evaluation result of No. 23 was 5
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points more favorable than that of No. 22. The load-life
evaluation result of No. 23 was 10 points more favorable
than that of No. 22.

Generally, 1n the case where the connecting portion length
300L 1s long, the manufacture of the connecting portion 300
(1including the resistor element 70) 1s diflicult compared with
the case where the connecting portion length 300L 1s short.
For example, there i1s the case where the material of the
connecting portion 300 (for example, the resistor element
70) arranged within the through hole 12 1s compressed using
the rod 1nserted from the rear opening 14 of the through hole
12. In the case where the connecting portion length 300L 1s
long, the pressure for compression 1s likely to be dispersed
in the course of the connecting portion 300. As a result, the
suppression performance of the radio wave noise might be
reduced and the durability might be reduced without appro-
priate compression of the material of the resistor element 70.
Here, as shown in Table 1, the two connecting portion
lengths 300L of 11 mm and 15 mm achieved the radio-
wave-noise evaluation result of 4 points or more and the
load-life evaluation result of 8 points or more. Thus, as the
connecting portion length 300L, the value of 11 mm or more
can be adopted and the longer value of 15 mm or more can
be adopted. Additionally, as the connecting portion length
300L, when any value (for example, 15 mm) of the lower
limit or more among the two values 1s selected as the upper
limit, the value of the upper limit or less can be adopted.

Generally, taking into consideration the fact that the
achievement of the radio-wave-noise evaluation result of 2
points or more and the load-life evaluation result of 2 points
or more allows practical use, the allowable range of the
connecting portion length 300L 1s estimated to be extendable
to a wide range mcluding these two value (11 and 15 (mm))
For example, as the connecting portion length 300L, 1t 1s
estimated that various values of 5 mm or more can be
adopted. Additionally, as the connecting portion length
300L, 1t 1s estimated that various values of 30 mm or less can
be adopted. In each case, it 1s estimated that setting at least
the first type line number NL1 within the above-described
preferred range allows achieving the favorable radio-wave-
noise evaluation result (for example, two points or more)
and the favorable load-life evaluation result (for example,
two points or more). Here, 1n addition to the first type line
number NL1, the second type line number NL2 1s preferred
to be set within the above-described preferred range. Addi-
tionally, the component ratio R 1s preferred to be set within
the above-described preferred range. Additionally, the resis-
tor element diameter 70D 1s preferred to be set within the
above-described allowable range.

B-7. Average Value NcpA of Longitudinal Maximum Con-
secutive Number Ncp and Evaluation Result:

According to No. 1 to No. 23 in Table 1, the average
values NcpA that were able to achieve the radio-wave-noise
evaluation result of 2 points or more were 13 values of 0.8,
1.8,19,2.0,2.1,2.7,2.8,3.0,3.1,3.2,3.3, 5.0, and 6.0. Any
value selected from these 13 values can be adopted as the
lower limait of a preferred range (the lower limit or more and
the upper limit or less) of the average value NcpA. Any
value of the lower limit or more m the 13 values can be
adopted as the upper limit Here, 1t 1s estimated that the
smaller average value NcpA complicates the current path.
Accordingly, as the average value NcpA, 1t 1s estimated that
the value (for example, various values of zero or more)
smaller than the minimum wvalue (0.8) 1 the above-de-
scribed 13 values can be adopted. For example, as the
average value NcpA, 1t 1s estimated that the value that 1s zero
or more and 6.0 or less can be adopted. However, 1t 1s
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estimated that setting the first type line number NLL1 within
the above-described preferred range causes the average
value NcpA of the longitudinal maximum consecutive num-
ber Ncp to be also a value larger than zero.

20

result of continuity, a transverse-maximum-consecutive-
number average value NccA, the connecting portion length
300L (in the unit of mm), the resistor element diameter 70D
(1n the unit of mm), the radio-wave-noise evaluation result,

| 5 B . .
As shown by No. 10 and the other samples, in the case and the load-life evaluation result. In the second evaluation
where the average value NcpA is 5.0 or less, the various test, {ive types of samples No. T1 to No. T5 were evaluated.
TABLE 2
Transverse
Line-Shaped
Region
First- Transverse- Transverse-
Second Type- Maximum- Maximum- Con-
First Type Type Region- Consecutive- Con- Consecutive- nect- Resistor  Radio-
Line Com- Line First Type Number Number tinuity Number ing  Element Wave-
Number ponent  Number Region Expected Expected Judg- Average Portion Di- Noise Load-Life
[Table NL1 Ratio R NL2 Proportion Value Value ment Value Length ameter Evaluation Evaluation
2] No. (Nc=2) (TvZr) (Nccz=2) RA1 NcE NccE Result NccA 300L 70D Result Result
11 12 1 12 0.935 8 6.2 A 7.33 11 3.5 S 10
(101/108)
12 6 1 6 0.324 3 1.67 A 1.83 11 3.5 S 10
(35/108)
13 10 1 8 0.343 3 1.67 A 1.75 11 3.5 S 10
(37/108)
14 12 1 10 0.454 4 2.21 A 2.50 11 3.5 S 10
(49/108)
15 12 1 10 0.454 4 2.21 B 2.18 11 3.5 D 5
(49/108)
average values NcpA were able to achieve the radio-wave- 39 The respective parameters NL1, R, NL2, 300L, and 70D
noise evaluation result of 5 points. In the case where the in Table 2 are the same as the parameters with the same
average value NcpA was 6.0, the radio-wave-noise evalua- reference numerals 1n Table 1. The radio-wave-noise evalu-
tion result was 4 points lower than that point. As the reason ation result was determined by the same method as the
for this result, 1t 1s estimated that this 1s because an increase method of the first evaluation test in Table 1. The load-life
in average value NcpA 1s likely to cause the current to low 35 evaluation result was determined by the method where
along the longitudinal line-sl}aped region, thus .simplifying “Energy Output from Power Source in 1 Cycle” was
’fh? current path as a resul‘g. With the above-described results, changed to 600 mJ larger than 400 mJ in the method of the
it 1s estimated that adopting the value of 5.0 or less as the {5 evaluation test in Table 1. That is, in the second
average KI;alu;Ncpﬁ& of thehliongltudﬁnal max;mumbntlonszgu- evaluation test, the load life was evaluated under conditions
tive number Cllj atiows e lltevmgt € more lavorable radio= 40 gaverer than those of the first evaluation test.
WAVE-NIOISE CYATLAton TESUT. . The following describes other parameters 1n Table 2. The
In each case, it 1s estimated that setting at least the first . . . .
. - L . first type region proportion RA1 1s the proportion of the total
type line number NL1 within the above-described pretferred .
. : : number of the first type regions Al to the total number of the
range allows achieving the favorable radio-wave-noise .5 A20 in the tareet recion A10 (in FIG. 7). A
evaluation result (for example, 2 points or more) and the 45 unarirzglins b o T argi reglfm}ll (In a ). As
tavorable load-life evaluation result (for example, 2 points destiibed above, the fotal number ol the square region A_ZO
or more). Here, in addition to the first type line number N1, 1s 103. In brackfats of the iolurﬂn of the first type region
the second type line number NL2 is preferred to be set proportion RA1 in Table 2, “108” as the total number of the
within the above-described preferred range. Additionally, square regions A20 and also the total number of the first type
the component ratio R is preferred to be set within the so regions Al are shown. For example, the total number of the
above-described preferred range. Additionally, the resistor ~ first type region Al n No. T1 1s 101.
clement diameter 70D 1s preferred to be set within the The first-type-region-number expected value NcE 1s the
above-described allowable range. Additionally, the connect- expected value of the first type region number Nc (that 1s, the
ing portion length 300L 1s preferred to be set within the number of the first type regions Al included 1n one trans-
above-described allowable range. 55 verse line-shaped region). This first-type-region-number
C. Second Evaluation Test expected value NcE 1s calculated by INT (9*RA1). Here, the
C-1. Outline of Second Evaluation Test: function “INT” denotes the function that rounds an argu-
In the second evaluation test, the relationship between the ment to the nearest whole number as an integer. The
configuration, the suppression performance of the radio operation symbol “*” denotes multiplication (the same shall
wave noise, and the load life for samples of the spark plug 60 apply hereafter). The value “9” is the total number of the
100 according to the embodiment was evaluated. Table 2 square regions A20 included in one transverse line-shaped
below shows, regarding the samples, the relationship region. The first-type-region-number expected value NcE
between the number for type, the first type line number NL1, thus calculated denotes the total number of the first type
the component ratio R (T1/7r), the second type line number regions Al included in one transverse line-shaped region in
NL2, a first type region proportion RAL a first-type-region- 65 the case where the first type regions A1 whose number was

number expected value NcE, a transverse-maximum-con-
secutive-number expected value NccE, a determination

specified by the first type region proportion RA1 were
equally distributed within the target region A10.



US 9,614,354 B2

21

The transverse-maximum-consecutive-number expected
value NccE (hereinafter referred to also as a “transverse
consecution expected value NccE”) 1s the expected value of
the transverse maximum consecutive number Ncc (that 1S,
the maximum value of the number of the first type regions
Al included 1n one transverse consecutive portion). This
transverse consecution expected value NccE 1s calculated
from the transverse maximum consecutive number Ncc that
can be achieved based on the first-type-region-number
expected value NcE and the combination number CNcc of
the arrangements of the first type regions Al for realizing
this transverse maximum consecutive number Ncc. Specifi-
cally, the sum of “Ncc*CNcc” regarding all achievable Ncc
1s divide by the sum of “CNcc” regarding all achievable
Ncc. The obtained value 1s the transverse consecution
expected value NccE. That 1s, the transverse consecution
expected value NccE 1s the average value of the transverse
maximum consecutive numbers Ncc 1 a plurality of
arrangement patterns that can be achieved by the first type
region Al and the second type region A2. Here, the total
number of the first type region Al included in one transverse
line-shaped region 1s fixed to the first-type-region-number
expected value NcE regardless of the transverse maximum
consecutive number Ncc. The transverse maximum con-
secutive number Ncc that can be achieved based on the
first-type-region-number expected value NcE 1s determined
corresponding to the first-type-region-number expected
value NcE from a range that 1s larger than zero and equal to
or less than the first-type-region-number expected value
NcE.

Firstly, a description will be given of the case where the
first-type-region-number expected value NcE 1s “4.” In this
case, the achievable transverse maximum consecutive num-
bers Ncc are “4,” “3,” “2,” and “1.” The following describes
the respective combination numbers CNcc of these trans-
verse maximum consecutive numbers Ncc.

In the case where Ncc=4, one transverse line-shaped
region (that 1s, nine square regions A20) 1s decomposed 1nto
one transverse consecutive portion (constituted of four first
type regions Al) and five second type regions A2. The one
transverse consecutive portion and the five second type
regions A2 are arranged 1n one row. Here, the position of the
one transverse consecutive portion 1s selected from six
candidate positions formed by the five second type regions
A2 arranged 1n one row. Here, one second type region A2 1s
expressed by a character “O” and the candidate position of
the transverse consecutive portion 1s expressed by a char-

acter “X.” In this case, the arrangement of the second type
region A2 (O) and the candidate position (X) 1s “XOX0OX-

OXO0XO0X.” The combination number CNcc of the arrange-
ment of the first type region Al for realizing “Ncc=4" is the
same as the permutation (,P,=6) in the case where the
position of the one transverse consecutive portion 1s selected
from the six candidate positions (X).

In the case where Ncc=3, one transverse line-shaped
region 1s decomposed 1nto one transverse consecutive por-
tion (constituted of three first type regions Al), one first type
region Al, and five second type regions A2. The arrange-
ment of the transverse consecutive portion and the first type
region Al 1n the positions adjacent to each other 1s not
allowed. In this case, the combination number CNcc 1s the
same as the permutation (,P,=30) in the case where the
position of one transverse consecutive portion and the
position of one first type region Al are selected from the six
candidate positions.

In the case where Ncc=2, one transverse line-shaped
region can be decomposed into the following two patterns.
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First Pattern: two transverse consecutive portions and five
second type regions A2

Second Pattern: one transverse consecutive portion, two
first type regions Al, and five second type regions A2

In both patterns, the one transverse consecutive portion 1s
constituted of the two first type regions Al.

In the first pattern, the arrangement of the two transverse
consecutive portions in the positions adjacent to each other
1s not allowed. Additionally, the two transverse consecutive
portions cannot be discriminated from each other. Accord-
ingly, the combination number CNcc 1s the same as the
number obtained by dividing the permutation (.P,) in the
case where the positions of the two transverse consecutive
portions are selected from the six candidate positions by the
permutation (,P,=2!) of the two transverse consecutive
portions that cannot be discriminated from each other.
Specifically, CNcc=.P,/2!=30/2=15.

In the second pattern, the arrangement of the transverse
consecutive portion and the first type region Al in the
positions adjacent to each other 1s not allowed. Additionally,
the arrangement of the two first type regions Al 1n the
positions adjacent to each other is also not allowed. The two
first type regions Al cannot be discriminated from each
other. Accordingly, the combination number CNcc 1s the
same as the number obtained by dividing the permutation
(«P;) 1n the case where the three positions of the one
transverse consecutive portion and the two first type region
Al are seclected from the six candidate positions by the
permutation (,P,=2!) of the two first type regions Al that
cannot be discriminated from each other. Specifically,
CNcc=.P,/21=120/2=60.

With the above description, 1n the case where Ncc=2, the
final combination number CNcc 15 75 (=15+60).

In the case where Ncc=1, one transverse line-shaped
region 1s decomposed 1nto four first type regions Al and five
second type regions A2. Here, the consecution of two or
more first type regions Al 1s not allowed. Additionally, the
four first type regions Al cannot be discriminated from each
other. Accordingly, the combination number CNcc 1s the
same as the number obtained by dividing the permutation
(«P.) 1n the case where the positions of the four first type
regions Al are selected from the six candidate positions by
the permutation (,P,=4!) of the four first type regions Al
that cannot be discriminated from each other. Specifically,
CNcc=6P,/4!=360/24=15.

With the above description, the total number (that 1s, the
summed value of the combination number CNcc) of the
arrangements of the four first type regions Al 1n the case
where the first-type-region-number expected value NcE i1s 4
1s 126 (=6+30+75+13). The transverse consecution expected
value NccE 1s calculated as follows.

S(Nec*CNee)=(4%6)+(3%30)1+(2%75)+(1%15)=24+90+
150+15=279

NecE=2(Ncc*CNce)/Z(CNee)=279/126=2.21

(the operation symbol “2” denotes the sum for all achiev-
able Ncc (the same shall apply hereatfter))

Accordingly, 1n the case where the first-type-region-
number expected value NcE 1s “4,” the transverse consecu-
tion expected value NccE 15 2.21.

The following describes the case where the first-type-
region-number expected value NcE 1s “8.” In this case, the
achievable transverse maximum consecutive numbers Ncc
are “8,” 7,7 <“6,” “5.” and “4.” Here, Ncc of three or less
cannot be used. In the case where Ncc=3, eight first type
regions Al are decomposed nto at least three portions that
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are separated from one another (the respective total numbers
of the first type regions Al 1n the three portions are 3, 3, and
2). To separate these three portions from one another, at least
two second type regions A2 are required. Thus, one trans-
verse line-shaped region requires 10 square regions A20.
However, as described above, since the total number of the
square regions A20 included in one transverse line-shaped
region 1s 9, Ncc=3 1s not achieved. The same applies to the
case where the transverse maximum consecutive number
Ncc 1s 2 or less.

In the case where Ncc=8, one transverse line-shaped
region 1s decomposed 1nto one transverse consecutive por-
tion (constituted of eight first type regions Al) and one
second type region A2. Here, the one second type region A2
1s expressed by a character “0.” The candidate position of
the one transverse consecutive portion 1s expressed by a
character “X.” In this case, the arrangement of the second
type region A2 (O) and the candidate position (X) 1s “X0X.”
The combination number CNcc of the arrangement of the
first type region Al for realizing “Ncc=8" 1s the same as the
permutation (,P,=2) in the case where the position of the one
transverse consecutive portion 1s selected from the two
candidate positions (X).

In the case where Ncc=7/, one transverse line-shaped
region 1s decomposed 1nto one transverse consecutive por-
tion (constituted of seven first type regions Al), one first
type region Al, and one second type region A2. The arrange-
ment of the transverse consecutive portion and the first type
region Al 1n the positions adjacent to each other 1s not
allowed. Accordingly, the combination number CNcc 1s the
same as the permutation (,P,=2) in the case where the
position of the one transverse consecutive portion and the
position of the one first type region Al are selected from the
two candidate positions.

In the case where Ncc=6, one transverse line-shaped
region 1s decomposed 1nto two transverse consecutive por-
tions with mutually different sizes and one second type
region A2. The respective total numbers of the first type
regions Al of the two transverse consecutive portions are 6
and 2. In the case where Ncc=3, similarly, one transverse
line-shaped region 1s decomposed into two transverse con-
secutive portions with mutually different sizes and one
second type region A2. The respective total numbers of the
first type region Al of the two transverse consecutive
portions are 5 and 3. In these cases, the combination number
CNcc 15 the same as the permutation (,P.=2) 1n the case
where the positions of the two transverse consecutive por-
tions are selected from the two candidate positions.

In the case where Ncc=4, one transverse line-shaped
region 1s decomposed 1nto two transverse consecutive por-
tions with the same size and one second type region A2. The
total numbers of the first type regions Al of the two
transverse consecutive portions are 4. The two transverse
consecutive portions cannot be discriminated from each
other. Accordingly, the combination number CNcc 1s the
same as the number obtained by dividing the permutation
(,P,) 1 the case where the positions of the two transverse
consecutive portions are selected from the two candidate
positions by the permutation (,P,=2!) of the two transverse
consecutive portions that cannot be discriminated from each
other (specifically, “17).

With the above description, the total number (that 1s, the
summed value of the combination numbers CNcc) of the
cight first type regions Al 1n the case where the first-type-
region-number expected value NcE 1s 8 1s 9 (=2+2+2+2+1).
The transverse consecution expected value NccE 1s calcu-
lated as follows.
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S(Nec* CNee)=(8%2)+(T# 2)+(6%2)+(5%2)+(4*1)=16+
14+12+10+4=56

NecE=2(Ncc*CNce)/Z(CNee)=56/9=6.2

Accordingly, 1n the case where the first-type-region-
number expected value NcE 1s “8,” the transverse consecu-
tion expected value NccE 15 6.2.

In the case where the first-type-region-number expected
value NcE 1s different from both of “4” and *8,” similarly,
the transverse consecution expected value NccE 1s calcu-
lated. Generally, the transverse-maximum-consecutive-
number expected value NccE 1s can be calculated as follows.

(1) The first-type-region-number expected value NcE 1s
calculated from the total number of the first type regions Al
in the target region A10. For example, the first type region
proportion RA1 1s calculated from the total number of the
first type regions Al in the target region Al10, and the
first-type-region-number expected value NcE 1s calculated
from the first type region proportion RA1.

(2) The achievable transverse maximum consecutive
number Ncc 1s specified based on the first-type-region-
number expected value NcE.

(3) For each achievable transverse maximum consecutive
number Ncc, the combination number CNcc of the arrange-
ments of the first type regions Al for realizing the transverse
maximum consecutive number Ncc 1s calculated. For
example, one transverse line-shaped region 1s decomposed
into a plurality of elements corresponding to the first-type-
region-number expected value NcE and the transverse maxi-
mum consecutive number Ncc. Corresponding to the
decomposition result, the combination number CNcc of the
arrangements of NcE pieces of the first type regions Al fo
realizing the transverse maximum consecutive number Ncc
1s calculated.

(4) The transverse consecution expected value NccE 1s
calculated in accordance with the operation expression
“NcecE=2(Ncc*CNcece )/ 2(CNcce).”

The following describes other parameters 1n Table 2. The
transverse-maximum-consecutive-number average value
NccA (hereimnafter referred to also as a “transverse conse-
cution average value NccA”) 1s the average value of the
transverse maximum consecutive numbers Ncc of 12 trans-
verse line-shaped regions. The continuity judgment result
denotes the comparison result between the transverse con-
secution average value NccA and the transverse consecution
expected value NccE. The “A grade” denotes “NccA>NccE”
and the “B grade” denotes “NccA=NccE.” The A grade of
the continuity judgment result means that the actually mea-
sured average value NccA of the transverse maximum
consecutive number Ncc 1s larger than the expected value
NccE of the transverse maximum consecutive number Ncc.
That 1s, the A grade denotes excellent continuity of the first
type region Al within the transverse line-shaped region. In
this case, 1t 1s estimated that the current 1s likely to flow
along the transverse line-shaped region.

C-2. Configuration of Resistor Element 70 and Evaluation
Result:

As shown 1n Table 2, the respective continuity judgment
results of No. T1 to No. TS were the A grade, the A grade,
the A grade, the A grade, and the B grade. As shown by these
samples, the load-life evaluation result was 5 points in the
case where the continuity judgment result was the B grade
while bemng 10 points 1n the case where the continuity
judgment result was the A grade. As the reason for this
result, 1t 1s estimated that this 1s because the continuity of the
first type region Al within the transverse line-shaped region
1s excellent 1n the case where the continuity judgment result
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1s the A grade as described above and thus the current is
likely to be dispersed along the transverse line-shaped
region.

As described above, 1n the second judgment test, “Energy
Output from Power Source i 1 Cycle” 1s large compared
with the first judgment test. Also under this severe condition,
the load-life evaluation result of 10 points was able to be
achieved 1n the case where the continuity judgment result 1s
the A grade, that 1s, 1n the case where the transverse
consecution average value NccA was larger than the trans-
verse consecution expected value NccE. Thus, the transverse
consecution average value NccA 1s preferred to be larger
than the transverse consecution expected value NccE. How-
ever, since the second evaluation test was performed under
the relatively severe condition, 1t 1s estimated that a practi-
cable load life 1s achieved even when the transverse conse-
cution average value NccA 1s equal to or less than the
transverse consecution expected value NccFE.

Here, the respective transverse consecution average val-
ues NccA of No. T1 to No. TS were 7.33, 1.83, 1.75, 2.50,
and 2.18. Any value selected from these five values can be
adopted as the lower limit of a preferred range (the lower
limit or more and the upper limit or less) of the transverse
consecution average value NccA. In the five values, any
value of the lower limit or more can be adopted as the upper
limit. Additionally, 1n the five values, the transverse conse-
cution average values NccA that can achieve the load-life
evaluation result of 10 points were 1.75, 1.83, 2.50, and
7.33. The upper limit and the lower limit in the preferred
range of the transverse consecution average value NccA may
be selected from these four values. However, since the
second evaluation test was performed under the relatively
severe condition, 1t 1s estimated that a practicable load life
can be achieved even when the transverse consecution
average value NccA 1s out of the preferred range.

The respective transverse consecution expected values
NccE of No. T1 to No. TS5 were 6.2, 1.67, 1.67, 2.21, and
2.21. Any value selected from these five values can be
adopted as the lower limit of a preferred range (the lower
limit or more and the upper limit or less) of the transverse
consecution expected value NccE. In the five values, any
value of the lower limit or more can be adopted as the upper
limit. Additionally, 1n the five values, the transverse conse-
cution expected values NccE that can achieve the load-life
evaluation result of 10 points were 1.67, 2.21, and 6.2. The
upper limit and the lower limit 1n the preferred range of the
transverse consecution expected value NccE may be
selected from these three values. However, since the second
evaluation test was performed under the relatively severe
condition, it 1s estimated that a practicable load life 1is
achieved even when the transverse consecution expected
value NccE 1s out of the preferred range.

Here, the respective parameters NL1, R, NL2, 300L, and
70D of No. T1 to No. TS were as described 1n Table 2. As
described above, since the second evaluation test was per-
formed under the relatively severe condition, it 1s estimated
that a practicable load life 1s achieved 1n the case where
these parameters NL1, R, NL2, 300L, and 70D are different
from the values of the above-described samples. In each
case, 1t 1s estimated that setting at least the first type line
number NL1 within the above-described preferred range
allows achieving the favorable radio-wave-noise evaluation
result (for example, 2 points or more under the condition of
the first evaluation test) and the favorable load-life evalua-
tion result (for example, 2 points or more under the condi-
tion of the first evaluation test). Here, 1n addition to the first
type line number NL1, the second type line number NL2 1s
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preferred to be set within the above-described preferred
range. Additionally, the component ratio R 1s preferred to be
set within the above-described preferred range. Additionally,
the resistor element diameter 70D 1s preferred to be set
within the above-described allowable range. Additionally,
the connecting portion length 300L 1s preferred to be set
within the above-described allowable range.

D. Modifications:

(1) The material of the resistor element 70 1s not limited
to the above-described maternial, and various materials can
be adopted. As the glass, for example, glass containing one
or more types of B,0,—S10,-based, BaO—B,0O,-based,
S510,—B,0,—Ca0O—BaO-based, S10,—7Zn0—B,0;-
based, S10,—B,0,—11,0-based, and S10,—B,0,—
L1,0O—BaO-based glasses can be adopted. Additionally, the
maternal that forms the aggregate 1s not limited to glass, and
various ceramic materials such as alumina may be adopted.
Alternatively, the mixture (for example, alumina) of glass
and ceramic material may be adopted. In each case, the
shape of the material particle that forms the aggregate 1s
preferred to be flat. Thus, by applying the force in the
direction parallel to the central axis CL to compress the
material of the resistor element 70 during manufacture of the
resistor element 70, 1n the tlat material particle, the direction
of the short axis can be brought close to the direction parallel
to the central axis CL and the direction of the long axis can
be brought close to the direction perpendicular to the central
axis CL. As a result, the zirconia portion P1 (in FIG. 2) that
extends 1n the direction intersecting with the central axis CL
can be simply formed. That is, the first type line number
NL1 and the second type line number NL2 can be simply
increased. Here, the long axis of the flat particle 1s the axis
forming the maximum outer diameter of the particle. The
short axis of the flat particle 1s the axis forming the minimum
outer diameter of the particle. To realize the first type line
number NL1 within the above-described preferred range, the
aspect ratio (the length (maximum outer diameter) of the
long axis: the length (minimum outer diameter) of the short
axis) ol the material particle of the aggregate 1s preferred
within the range of “1:0.4” to *“1:0.7.”

Here, the line numbers NLL1 and NL2 can simply be
adjusted by adjusting the aspect ratio of the material particle
of the aggregate and the collapsibility of the matenal particle
(in particular, the glass particle) of the aggregate. For
example, increasing the length of the long axis with respect
to the length of the short axis allows increasing the line
numbers NL1 and NL2. Additionally, increasing the col-
lapsibility of the glass particle allows increasing the line
numbers NLL1 and NL2.

The transverse consecution average value NccA can sim-
ply be adjusted by adjusting the aspect ratio of the material
particle of the aggregate, the collapsibility of the material
particle (1in particular, the glass particle) of the aggregate,
and the proportion (for example, weight percent) of the
material of the filler and the proportion of the conductive
material 1n the material of the resistor element 70. For
example, while the length of the long axis with respect to the
length of the short axis in the material particle of the
aggregate 1s increased, the proportion of the material of the
filler and the proportion of the conductive material are
increased. This allows increasing the transverse consecution
average value NccA. Additionally, while the collapsibility of
the glass particle 1s increased, the proportion of the material
of the filler and the proportion of the conductive material are
increased. This allows increasing the transverse consecution
average value NccA. Thus, increasing the transverse con-
secution average value NccA allows achieving the trans-
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verse consecution average value NccA larger than the trans-
verse consecution expected value NccE.

(2) The shape of the resistor element 70 1s not limited to
the approximately cylindrical shape, and any shape can be
adopted. For example, the through hole 12 of the nsulator
10 may include a portion whose mner diameter changes
toward the front end direction D1. The resistor element 70
may be formed 1n the portion whose inner diameter changes.
In this case, the resistor element 70 includes a portion whose
outer diameter changes toward the front end direction D1.
The radio-wave-noise evaluation result and the load-life
evaluation result are estimated to be aflected by a portion
with a small outer diameter in the resistor element 70.
Accordingly, generally, 1n the cross section perpendicular to
the axial line CL 1n the resistor element 70, the minimum
value of the outer diameter of the portion 1n contact with the
inner peripheral surface of the through hole 12 of the
insulator 10 over the whole circumierence 1s preferred to be
within the above-described preferred range of the resistor
clement diameter 70D.

In each case, 1t can be said that when the first type line
number NL1 calculated using the target region A10 arranged
in at least one position on the cross section including the
central axis CL of the resistor element 70 1s within the
above-described preferred range, the first type line number
NL1 of the resistor element 70 1s within the preferred range.
It 1s estimated that when the first type line number NL1 of
the resistor element 70 1s within the preferred range, the
suppression performance of the radio wave noise and the
service life of the resistor element can be improved. The
same applies to the second type line number NL2.

(3) The configuration of the spark plug 1s not limited to
the configuration described 1n FIG. 1, and various configu-
rations can be adopted. For example, a noble metal tip may
be disposed 1n the portion that forms the gap g 1n the ground
clectrode 30. As the material of the noble metal tip, a
material containing various noble metals such as iridium and
platinum can be adopted. Similarly, a noble metal tip may be
disposed 1n the portion that forms the gap g in the center
clectrode 20.

The present invention has been described above based on
the embodiment and the modifications. The above-described
embodiments of the invention are for ease of understanding
of the present invention and do not limit the present inven-
tion. The present mvention may be modified or improved
without departing from the gist and the claims of the present
invention, and includes the equivalents.

DESCRIPTION OF REFERENCE SIGNS

5 Gasket

6 First rear-end-side packing

7 Second rear-end-side packing

8 Front-end-side packing

9 Talc

10 Insulator (ceramic insulator)

11 Second outer-diameter contracted portion
12 Through hole (shaft hole)

13 Nose portion

14 Rear opening

15 First outer-diameter contracted portion
16 Inner-diameter contracted portion

17 Front-end-side trunk portion

18 Rear-end-side trunk portion

19 Flange portion

20 Center electrode

21 Outer layer
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22 Core portion

23 Head
24 Flange portion
25 Nose portion

29 I

front end surface

30 Ground electrode

31 Front end portion

35 Base matenal

36 Core portion

40 Terminal metal fitting

50 Metal shell

51 Tool engagement portion
52 Screw portion

53 Crimp portion

54 Seat portion

535 Trunk portion

56 Inner-diameter contracted portion
58 Deformed portion

59 Through hole

60 First seal portion

70 Resistor element

70D Outer diameter (resistor element diameter)
70L Resistor element length

80 Second seal portion

100 Spark plug

300 Connecting portion

300L Connecting portion length
400 Partial cross section

g Gap

R Component ratio

D1 Front end direction

D17 Rear end direction

Al First type region

A2 Second type region

CL Central axis (axial line)

Ac Conductive region

Nc First type region number
Aa Aggregate region

Pg Portion

P3 Other component portion

P2 Titania portion

P1 Zirconia portion

A10 Target region

[.L01 to L12 Transverse line-shaped region
La First length

A20 Square region

Lb Second length

NL1 First type line number
NL2 Second type line number
Ncc Transverse maximum consecutive number

Having described the mvention, the following 1s claimed:

1. A spark plug, comprising:

an 1insulator that has a through hole extending in a
direction of an axial line;

a center electrode at least partially inserted into a front end
side of the through hole;

a terminal metal fitting at least partially inserted 1nto a rear
end side of the through hole; and

a connecting portion electrically connecting the center
clectrode and the terminal metal fitting together within
the through hole, wherein

the connecting portion includes a resistor element,

the resistor element includes an aggregate, a filler con-
taining ZrQO,, and carbons, and

in a cross section including the axial line of the resistor
element, when:
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a center line 1s defined by the axial line, a target region
1s defined by a rectangular region where a size 1n a
direction perpendicular to the axial line 1s 1800 um
and a size 1n a direction of the axial line 1s 2400 um;

a transverse line-shaped region i1s defined by a line-
shaped region, the line-shaped region being consti-
tuted of mine square regions arranged 1n the direction
perpendicular to the axial line 1n the case where the

target region 1s divided into a plurality of square
regions, the square region having a length of 200 um
on a side:

a first type region 1s defined by the square region where
a proportion of an area of ZrO, 1s 25% or more; and

a second type region 1s defined by the square region
where a proportion of an area of ZrO, 1s less than
25%,

a total number of the transverse line-shaped regions
including two or more of the first type regions 1s
equal to or more than 5.

2. The spark plug according to claim 1, wherein
a total number of the transverse line-shaped regions
including two or more of the consecutive first type

regions 1s equal to or more than 3.

3. The spark plug according to claim 1, wherein

the filler contains T10,, and

a weight proportion of T1 to Zr 1n the resistor element 1s
equal to or more than 0.05 and equal to or less than 6.

4. The spark plug according to claim 1, wherein

in a cross section pernendicular to the axial line in the
resistor element, a minimum value of an outer diameter
of a portion in contact with an 1nner peripheral surface
of the 1nsulator over a whole circumierence 1s equal to

or less than 3.5 mm.
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5. The spark plug according to claim 4, wherein

the minimum value of the outer diameter 1s equal to or
less than 2.9 mm.

6. The spark plug according to claim 1, wherein

a distance 1n the axial line between a rear end of the center
clectrode and a front end of the terminal metal fitting 1s
equal to or more than 15 mm.

7. The spark plug according to claim 1, wherein

when: a longitudinal line-shaped region 1s defined by a
line-shaped region that 1s constituted of 12 of the
square regions arranged in a direction parallel to the
axial line; and a longitudinal maximum consecutive
number 1s defined by a maximum value of a consecus-
tive number of the first type regions i one longitudinal
line-shaped region, an average value of the longitudinal
maximum consecutive number in nine longitudinal
line-shaped regions included in the target region 1is
equal to or less than 5.0.

8. The spark plug according to claim 1, wherein

a total number of the transverse line-shaped regions
including two or more of the consecutive first type
regions 1s equal to or more than 7.

9. The spark plug according to claim 1, wherein

when a transverse maximum consecutive number 1s
defined by a maximum value of a consecutive number
of the first type regions i one transverse line-shaped
region, an average value of the transverse maximum
consecutive number 1n 12 transverse line-shaped
regions included in the target region 1s larger than an
expected value of the transverse maximum consecutive
number calculated from a total number of the first type
regions 1n the target region.

G ex x = e
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